A quantitative understanding on the effect of the welding conditions on weld joint dimensions and weld thermal cycle is difficult through experimental studies alone. The experimental realization of temperature distribution in the weld pool is proved to be extremely difficult due to the small size of welds, high peak temperature and steep temperature gradients in weld pool. This review deals with the heat transfer and fluid flow analysis to understand the parametric influence of a single wire submerged arc welding (SAW) and multi-wire SAW processes on the weld bead dimensions, temperature and fluid flow distribution in the weldment.
Introduction
Numerical modeling of heat transfer and fluid flow phenomenon has been successfully used for the estimation of peak temperature and thermal cycle in fusion welding processes 1) . In many cases, the computed thermal cycles are used to predict the final microstructure and mechanical properties of the weld. The typical nature of the submerged arc welding (SAW) process makes it difficult to measure peak temperature and thermal cycles in the weld experimentally. In particular, the two wire submerged arc welding (SAW-T) process provides a greater difficulty due to the application of two welding arcs and its associated numerous parameters, and use of greater amount of fluxes.
In this paper, a comprehensive literature review on the numerical modeling of the SAW and SAW-T processes to understand the influence of process parameters on the weld bead dimensions, temperature distribution in the weldment are presented.
Theoretical modeling 2.1. Heat transfer analysis
Pathak et al. 2) proposed a finite element based conduction heat transfer model to analyze single wire SAW process. A Gaussian distributed surface heat source is used to simulate the heat transfer from the welding arc [ Fig. 1 ]. The Gaussian distributed surface heat source is given by the eq. (1). Fig. 2 (a) Schematic representation of the Gaussian distributed heat source and the element deactivation and activation methodology 3) , (b) double ellipsoidal volumetric heat source 5) where the terms η, V, I and σ refer to the process efficiency, welding voltage and current, and the effective arc radius. Around 68% of the arc energy is distributed over the area covered with in 2σ. Based on some numerical results and the corresponding comparison with the experimental results it was proposed that the effective arc radius (σ) was 2.1 times that of the measured half bead width. However the filler metal deposition was not modeled effectively. Mahapatra et al. 3 ) reported a similar model using "element deactivation and activation" approach to account for the addition of filler materials. Fig. 2 (a) depict the modeling of the filler material deposition using this approach. The elements defining the weld pool region were divided into sets such that these elements remain deactivated initially. These deactivated elements were assigned with very low values of thermal conductivity so that these elements would have little impact on the heat transfer calculations. At every step, a selected set of the deactivated elements was activated, which involved reassigning of original material properties to these elements, as the heat source moved along the weld interface. The computed and measured weld pool shapes and the thermal cycles in HAZ were reported to be in fair agreement. Biswas et al. 4) followed a similar approach in modeling double-sided fillet welding using single wire SAW process. The conduction heat transfer based weld pool simulation often fails to account for the convective transport of heat inside the pool, which can be significant, in particular, for a large weld pool generated in SAW process. Goldak et al. 5) introduced a double-ellipsoidal volumetric heat source model to numerically account for the heat transport inside the weld pool in a conduction based heat transfer analysis. The doubleellipsoid heat source was obtained as a combination of two ellipsoids -one in the front and the other at the rear with reference to the center of the welding arc [ Fig. 2 (b) ]. The power density distributions in the front and at the rear of the double-ellipsoidal heat sources are given as 5) where the terms a 1 , b, and c refer to the semi major axis, minor axis and depth of the front semi-ellipsoid, respectively, and that of the rear semi-ellipsoid is denoted as a 2 , b, and c. The fractions f 1 and f 2 are used to consider the asymmetry in the magnitude of heat energy density in the front and at the rear part of the heat sources. The values of f 1 and f 2 are suggested as 0.6 and 1.4, respectively, in open literatures [5] [6] [7] [8] . However, it is very difficult to decide the appropriate dimensions of the doubleellipsoidal heat source. Very often these were defined based on the experimentally measured weld bead macrographs.
Sharma et al. 9 Fig. 3 Solution domain for SAW-T process numerical modeling 10) the double-ellipsoidal heat source of twin arc SAW process by numerical experiments and its validation with the measured weld bead dimensions. The author assumed that the close proximity of the two arcs leads to a single arc. Kiran et al. 10) presented a 3D conduction heat transfer model of the SAW-T process. The leading and trailing wires are connected to DCEP and variable polarity AC power sources. The model considers two individual volumetric heat sources to account for heat input from the leading and the trailing arcs. The power density distributions of the leading and trailing doubleellipsoidal heat sources are presented by a generic expression as 10)
where the subscript i refers to either leading (i ≡ LE) or trailing (i ≡ TR) arc or heat source. The power from the leading arc to the work piece (P LE ) is computed as
where η is the process efficiency and α is the fraction of the available arc energy supplied to the work piece in direct current electrode positive (DCEP) mode. The effective current (I TR ) and power (P TR ) of the trailing arc to the workpiece are estimated respectively as
In eq. (7), γ and β refer to the fractional arc energy supplied to workpiece in the positive and negative current pulses, respectively. The values of both α [in eq. (5)] and γ [in eq. (7)] are taken as 0.75 11, 12) . The value of β [in eq. (7) ] is taken as 0.65 11, 12) . A methodology was proposed to estimate the dimensions of volumetric heat sources based on weld joint geometry and process parameters as given by the eqs. (8) and (9) . The computed weld dimensions and thermal cycles in heat affected zone (HAZ) are validated with the corresponding experimentally measured results and found to be in fair agreement [ Fig.  (4) ]. The effect of the pulsating nature of the trail arc current on the weld dimensions, cooling rate and the mechanical properties of the weld is studied.
Kiran et al. 13) correlated the computed weld pool cooling rate (ΔT 8/5 ) with the measured values of the weld metal ferrite phases at different trailing wire currents in SAW-T process. The increase in I TR reduced the cooling rates and weld microstructures showed reduction in acicular ferrite phase fraction associated with coarsening of the remaining phases like allotriomorphic ferrite. Similar relationships between the weld metal microstructure 14) and measured acicular ferrite area fraction 15) with cooling rates in C-Mn steels of comparable compositions were also reported earlier. Pilipinko et al. 16) reported a 2-D and 3-D thermal models to predict the thermal cycles in long fillet and butt welds made by three-wire SAW process. The computed results were compared with the similar results computed for a single electrode wire multi-pass SAW process.
The computed values of the cooling rate in the weld pool was nearly 4~10 times in the threewire SAW processes in comparison to the same in the single electrode SAW process. 
Heat transfer and fluid flow analysis
Momentum equations:
Energy conservation equation: 
Here, μ 0 denotes the magnetic permeability of free space. Besides the gravitational force, the electromagnetic force that is generated by the electric current density and self-induced magnetic field is considered in eq. (11) as body force. Here, J 0 is the first kind of Bessel function of zero order, c is the thickness of the workpiece, z is the vertical distance from the origin, J 1 is the first kind of Bessel function of first order, and μ m is the magnetic permeability of the material. Next, the buoyancy force, which is a body force, can be modeled by the Boussinesq approximation and is expressed as follows:
Here, g is gravity, β is the thermal expansion rate, and T 0 is the reference temperature. Fig. 8 Calculated temperature profiles and flow patterns in case 2 19) though the leading electrode has not yet approached the spot. Consequently, the free surface location of z-direction during the droplet impingement is higher than the initial V-groove point, so the molten pool penetrates to a lesser degree.
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